Effective absorption cross-sections for 02 production by Porphyridium cruentum were measured at 546 and 596 nanometers. Although all photosystem II reaction centers are energetically coupled to phycobilisomes, any single phycobilisome acts as antenna for several photosystem II reaction centers. The cross-section measured in state I was 50% larger than that measured in state II.
photosynthetic membrane (4) . Despite their extralamellar location, the PBsomes transfer absorbed light energy with high specificity and efficiency to PSII which is located within the membrane (11, 12) . The quantitative relationships between PSII and the PBsomes are still not clear. For example, recent quantitative studies of the RC and pigment content of red algae and cyanobacteria (10, 25, 28) have shown that the RCII:PBsome ratio is variable and can often be greater than unity. Furthermore, Diner (1) Woilman (29) have presented evidence that in the red alga Cyanidium caldarium about half of the RCII do not receive any of the light energy absorbed by the PBsomes.
We (14) have recently developed a method for the determination of the effective in vivo absorption cross-section of PSII. In this report, we describe the use ofthis technique to investigate relationships between the absorption of light by the PBsomes and its use for photochemistry by RCII in the red alga Porphyridium cruentum.
MATERIALS AND METHODS
Cultures of the unicellular red alga Porphyridium cruentum at 20°C were grown in an artificial seawater medium (21) in 250-ml flasks on rotary shaker laterally illuminated with continuous light (8 x 103 erg cm-') from a bank of cool-white fluorescent lamps. Cells were collected from 5-to 7-d- pellet was resuspended in fresh growth medium at an equivalent Chl concentration of 10 to 20 ,M. We calculate that, after settling on the electrode surface, the cells covered less than 30% of the floor area of our 02 polarograph (14) .
To measure effective absorption cross-sections in P. cruentum, I used a modification of our previously published method (14) . I simultaneously illuminated cells resting on the surface of the bare platinum electrode with two sources of light. The first was a continuous green (541 nm) or blue (446 nm) background light. The second was a train (0.2 Hz) of laser flashes. To establish state II or state I, the cells were preilluminated for 5 min with bright green (100 x 1014 quanta cm-2 s-') or bright blue (61 x 1014 quanta cm-2 s-1) continuous light, respectively. These bright irradiances are at the upper end of the range of irradiances used in previous studies to produce state transitions (13, 19, 22, 24) . Preillumination ofthe algae with bright light gave the most stable and reproducible rates of 02 evolution in subsequent dim illuminations. The bright green and bright blue illuminations produced rates of 02 production that were 89% and 28%, respectively, of the light-saturated rate. For the cross-section measurements, we then reduced background irradiances to 1.0 x 10'4 quanta cm 2 s51 (green) or 1.7 x 10'4 quanta cm -2 S-' (blue). The dim 541 and 446 nm illuminations supported rates of 02 production that were 6% and 3% of the light-saturated rate, respectively, and both allowed maximum 02 flash yields. 02 flash yields and rates of 02 production reached their low-light steady state values within 2 min after the change from high to low continuous blue irradiance and in 3 to 4 min following the change from high to low continuous green irradiance. We began our cross-section measuremnts, which took a total of 8 to 12 min to complete, as soon as steady state 02 flash yields had been established.
I generated 546 and 596 nm laser flashes of 0.5 As total duration using methanolic solutions of 100 ,M Coumarin 540 or 50 ,M Rhodamine 590 (Exciton, Dayton, OH), respectively, in a flashlamp-pumped dye laser (DL21OOC, Phasar Corp., New Durham, NH). We measured the total energy and relative 02 yield of each laser flash. For cross-section measurements, we attenuated single laser flashes with calibrated solutions of mixed metal (Cr, Co, Cu, and Ni) sulfates. We calculated relative 02 flash yields as the ratio of the 02 yield of the attenuated flash to that of the preceding unattenuated flash.
RESULTS
I have determined effective absorption cross-sections for 02 production by the red alga P. cruentum from measurements of the flash energy dependence of 02 flash yields. Figure 1 shows plots of the data. The relative 02 yield of the algae in response to a laser flash is shown plotted as a function of the total energy per cm2 of the flash at the electrode surface. The flash yields shown in Figure 1 were obtained from cells illuminated at either 546 nm (0) of 596 nm (0). The laser flashes were superimposed on the continuous dim 541 nm irradiance as described in "Materials and Methods." At both laser wavelengths, cellular absorption properties are determined primarily by phycobiliprotein and Chl a content. However, at 546 nm, absorption by the phycobiliproteins dominates the whole cell absorption spectrum. In contrast, at 596 nm Chl a and phycobiliprotein absorptions are comparable.
The two solid curves in Figure 1 are the best fits, by eye, of the simple exponential saturation function (Eq. 1) to the two sets of data:
where Y is the relative flash yield, E is the measured photon flux density at the electrode surface, and aO is the effective absorption cross-section at the laser wavelength for the PSII reaction leading to 02 production.
Two properties of the data in Figure 1 are worth comment. The first is that, although flash yields are shown on a relative scale, the experimentally measured values for the maximum flash yields were identical for both sets of data. The second is that both sets of data are well described by curves using single values for U02. Effective absorption cross-sec~tions determined from the fits to the data in Figure 1 are 450 A2 at 546 nm and 160 A2 at 596 nm.
I found that in P. cruentum the wavelength of a continuous background light and the past illumination history of the algae greatly influence the magnitude of aO2. Figure 2 shows an example of this effect. I first measured 02 flash yields from algae simultaneously illuminated with a continuous dim green background light. These data are shown by the closed circles in Figure   2 . Next, these algae were illuminated for 5 min with bright blue light and then immediately remeasured 02 flash yields in the presence of a dim blue background light. The open circles in Figure 2 represent these data. As in Figure 1 , both sets of data are well described by curves using single values for°°2. However, the value for U02 measured in blue light (260 A2) is 50% greater than that measured in green light (160 A2).
In addition to changes in aO2, the experimentally measured values for the maximum 02 flash yields were different for the two sets ofdata shown in Figure 2 
DISCUSSION
The simple exponential saturation behavior described by Eq. 1 can occur only if the system is completely homogeneous (16, 17) . Inhomogeneities arise either from nonuniform illumination conditions (i.e. from the light source itself, or from absorption or scattering within the sample) or from heterogeneities inherent to the sample (i.e. a distribution of PSII antenna sizes). An important example of the latter occurs when there are two distinct cross-sections present, as would be the case if some RCII were not energetically coupled to PBsomes. The resulting saturation curve would then be the weighted sum of the two individual saturation curves. We estimate that the resolution ofour data permits us td distinguish a difference in cross-section of about two ifthe two kinds ofPSII are present in about equal abundance.
Large differences in cross-section (v,o-4a2) result in a 'step-like' saturation curve and are easily distinguished (14, 16, 17) .
The saturation curve described by Eq. 1 can also be obtained when RCII share a common antenna, provided excitation energy arriving at a closed RCII does not escape the reaction center and find another open RCII (16, 17) . If 't' RCII share a common antenna of cross-section qA, the cross-section determined from the fit of Eq. 1 to the data is aO2 = aAlt, the effective cross-section per RCII (16, 17) . If energy arriving at a closed RCII can escape to another RCII, the resulting saturation curve will rise more steeply than that described by Eq. 1, reflecting the increase in cross-section per RCII as reaction centers close (16, 17) . (For more detailed discussions of the above points, see Refs. 14-17.) In light of the above discussion, we conclude from the data shown in Figure 1 (2, 27) and that the in vivo absorption cross-section at 596 nm for Chl is about 0.35 A2 (14) . The arrows in Figure 1 show the laser energies where the 'lie points' (0.63 Y,,.) of flash saturation curves for 02 production by RCII with effective absorption cross-sections of 7 or 18 A2 would occur. Clearly, there are no significant changes in 02 flash yields in this range. At 546 nm, the situation would be even more extreme. Inasmuch as I found the same maximum flash yields at both wavelengths, I concluded that the 546 nm measurement did not overlook RCII which do not receive energy from the PBsomes.
The value for°O2 at 546 nm can be used to estimate the number of PBsomes that act as antenna per RCII. To do so, the absorption cross-section of a P. cruentum PBsome must be known. The molar extinction coefficient for B-phycoerythrin, 2 .41 x 106 M-l cm-' at 545 nm (7), corresponds to an absorption cross-section of 92 A2. Gantt et al. (5) There are several reports in which stoichiometries between RCII and PBsomes in red algae and cyanobacteria have been estimated from quantitation of reaction center and pigment content (10, 25, 28) or by use of electron microscopy (26, 29) . The RCII:PBsome ratio has been found to vary between 1 and 4 (10, 25, 28) . RCII:PBsome ratios differ not only among different species but also within the same species, depending on growth conditions. Since I find that all RCII are associated with PBsomes, I can estimate from the data that the RCII:PBsome ratio in P. cruentum is 3 to 4 (provided that there is no significant number of PBsomes exclusively associated with PSI). This ratio is similar to that reported by Kursar and Alberte (10) for the macrophytic red alga Neoagardhiella baillyei and is consistant with the 'apparent photosynthetic unit size' for P. cruentum reported by Mimuro and Fujita (18) .
In order to use RCII:PBsome ratios to calculate PSII antenna sizes, one must know the extent to which RCII are connected to PBsomes. While we find that in P. cruentum all RCII are coupled to PBsomes, this apparently is not universally true. Diner (1) has reported that in Cyanidium caldarium about half of the RCII do not receive light energy from PBsomes.
The effects of background irradiation on ao2 (Fig. 2 ) are significant in terms of the state II to state I transition (13, 19, 22, 24) . For red algae, state I has been defined as the state obtained after long illumination with light primarily absorbed by PSI (446 nm) while state II is the state reached following long illumination with PSII light (541 nm) (13, 19, 22, 24) or after a long dark interval (22, 24) . The transition between state II and state I has been postulated to involve a change in the degree of energy transfer between PSII and PSI (13, 19, 22, 24) . Recent experimental results have demonstrated changes in the light-limited rates of characteristic PSII and PSI reactions due to state transitions in intact cells (3, 23, 24) which indicate changes in quantum yields, absorption cross-sections, or both.
The results in Figure 2 are a direct demonstration that in P. cruentum the state II to state I transition is accompanied by a large (-50%) increase in the effective absorption cross-section per RCII. The change in aO, may be accomplished either by a decrease in the degree of energy trnasfer from PSII to PSI (13) or by the actual physical redistribution of antenna components between PSI and PSII in the cell.
